Emerging evidence suggests that specific spatio-temporal microRNA (miRNA) expression is required for heart development. In recent years, hundreds of miRNAs have been discovered. In contrast, functional annotations are available only for a very small fraction of these regulatory molecules. In order to provide a global perspective for the biologists who study the relationship between differentially expressed miRNAs and heart development, we employed computational analysis to uncover the specific cellular processes and biological pathways targeted by miRNAs in mouse heart development. Here, we utilized Gene Ontology (GO) categories, KEGG Pathway, and GeneGo Pathway Maps as a gene functional annotation system for miRNA target enrichment analysis. The target genes of miRNAs were found to be enriched in functional categories and pathway maps in which miRNAs could play important roles during heart development. Meanwhile, we developed miRHrt (http://sysbio.suda.edu. cn/mirhrt/), a database aiming to provide a comprehensive resource of miRNA function in regulating heart development. These computational analysis results effectively illustrated the correlation of differentially expressed miRNAs with cellular functions and heart development. We hope that the identified novel heart developmentassociated pathways and the database presented here would facilitate further understanding of the roles and mechanisms of miRNAs in heart development.
Introduction
MicroRNAs (miRNAs) are small non-coding RNAs that inhibit the translation or promote the degradation of target mRNAs by interacting with the 3 0 untranslated regions (UTRs) of specific mRNA targets [1] . Evidence suggests that spatio-temporal expression is one of the remarkable characteristics of miRNA expression [2] . The emerging field of miRNA biology has revealed the roles of these regulatory molecules in diverse biological processes (BPs) [3] , such as cell proliferation, differentiation, apoptosis, and tumorigenesis. Heart development is a highly conserved process across all vertebrate organisms. This fact is most clearly illustrated by the observation that the heart of all vertebrates is practically indistinguishable through the linear heart tube stage and into the early stages of looping morphogenesis and chamber formation [4] . During the processes of heart development, precise spatio-temporal gene expression is crucial. The conservation of vertebrate heart development allowed researchers to utilize numerous model organisms including zebrafish, Xenopus, chicken, and mouse to further understand the molecular and morphological aspects of human heart development and congenital heart diseases. Over the past years, miRNAs have been extensively identified in various model organisms, and these data have been collected by miRNA-related database such as miRBase [5] , miRGen [6] , and miRGator [7] . On the other hand, detailed gene expression data of heart development have been gathered by such dedicated model organism databases as ZFIN [8] for zebrafish, GEISHA [9] for chicken, and GXD [10] for mouse. A persistent challenge is to determine, based on the data above, key genes associated with heart development and to gain clues about the BPs involved in it. Emerging studies have revealed the key roles of miRNAs as regulators of heart development in model organisms [11] [12] [13] [14] . According to previous studies [15] [16] [17] [18] , miR-1 and miR-133 have been implicated in cardiogenesis and the heart conduction system. miR-138 regulates heart patterning by normally restricting atrioventricular canal (AVC) gene expression during zebrafish heart development [19] . miR-145 and miR-143 are heart-specific and regulate smooth muscle cell proliferation and differentiation [20] . While these researches reveal the particular functions of individual miRNAs in heart development, a holistic view, however, has yet to be achieved to better comprehend miRNA function in this area. To address this, we employed computational efforts to analyze the relationship between miRNAs and the related genes in heart development. Figure 1 shows the procedure of our computational analysis, we started by collection of miRNAs that were reported to be heart development-associated, then the computationally predicted miRNA targets and the reported heart development-associated genes were integrated to form the miRNA target gene pool, at last we performed the Gene Ontology (GO) and pathway-enrichment analysis of miRNA target genes to identify novel heart developmentassociated pathways. This study provides a global perspective of miRNA-dependent regulatory networks in this conserved process and the knowledge of miRNA-pathway correlation can be utilized to gain insight into the complex mechanism of heart development. miRNA collection miRNAs have been identified using a combination of experimental approaches including in situ hybridization, microarray, northern blotting, or small RNAs sequencing, and lately even through computational prediction. A part of miRNA functions in heart development have been widely reported, such as miR-1 and miR-133; whereas others remain unknown or poorly understood. Actually, it is not clear which miRNAs are necessary for heart development because of experimental limitation or undetected miRNAs. The miRNAs (Supplementary data 1) relevant to mouse heart development were obtained from published reports [13, 14, 21] and experimental data (Jing lab, unpublished work). In addition, more than 500 miRNAs (miRBase Release 13.0, March 2009) found in mouse were used as the statistical analysis control.
Materials and Methods

miRNA targets
The miRNA targets were divided into two major categories: the validated targets and the predicted targets. The experimentally validated targets were selected from TarBase [22] , miRecords [23] , and recent publications. These experimentally validated target data sets will facilitate not only the understanding of miRNA targets during heart development, but also the development of more accurate miRNA target prediction programs. However, we found that only a small fraction of the reported targets is relevant to heart development. Actually, most targets of miRNAs have not been identified. Therefore, we used several computational approaches to predict the mouse miRNA targets. Some of the methods used in this study were, for example, miRanda, TargetScan, PITA, MirTarget2, and RNAhybrid. The prediction results of miRanda, MirTarget2, TargetScan, and PITA were gathered from respective online resources. Moreover, local RNAhybrid version was employed to fetch its prediction results with P , 0.01. The validated targets and prediction results were integrated as miRNA target gene pool.
Gene functional annotation
The basis for our analysis is a classification of genes into known functional categories and pathways. There are many different gene functional annotation schemes available online. Here, we chose popular GO categories, canonical KEGG Pathway Maps, and commercial software MetaCore-GeneGo Pathway Maps to group functionally related genes.
All these annotation schemes contain categories of metabolic functions organized at multiple hierarchical levels. Since the GO hierarchy provides smaller and more specific gene lists in lower levels of the hierarchy, the analysis was restricted to the GO BP of level 4 (BP_4) and the gene source was limited within MGI database in this study.
We Enriched pathways were further grouped into larger functional categories according to the KEGG annotation. The MetaCore-GeneGO Pathway Maps provide a collection of 451 distinct mouse pathways, covering a wider variety of cellular processes. In addition, the mouse gene annotation from GXD database was also adopted to determine whether the genes are associated with mouse heart development.
Enrichment analysis
The Fisher's exact test was used to perform enrichment analysis that excludes the categories found simply by chance. The P-value of the Fisher's exact test determines the statistically significant gene categories or pathways affected by miRNAs [24] . A 2 Â 2 contingency table was built to carry out the Fisher's exact test.
The P-value of Fisher's exact test was calculated as follows:
where a and b represent the number for targets of considered miRNA and control miRNA with annotation terms, respectively, whereas c and d are the number for targets of considered miRNA and control miRNA without annotation terms, respectively, n equals the sum of a, b, c, and d. The Statistics program R was used to perform these calculations. The smaller P-value implies better enrichment of miRNA targets in a gene functional annotation category or pathway map, and the threshold of P-value was set as 0.01.
Results
miRHrt database miRHrt is a database aiming at providing a comprehensive resource of miRNA function in regulating heart development. Figure 2 is the schema of miRHrt database. The current release of miRHrt database includes three model organisms: zebrafish, chicken, and mouse. The miRNAs were collected manually as mentioned in Materials and Methods section, and we remarked some miRNAs which had been detected to be related with heart development or 'Undetected'. In addition, those miRNAs, which lacked experimental evidences during heart development, were annotated as 'Unknown' in miRHrt. The heart development-related genes were collected from different public online resources, and their annotations contain expression time and anatomical localization. For zebrafish, the gene annotation was taken from ZFIN; for chicken, the gene annotation came from GEISHA database, and the mouse gene annotation was obtained from GXD. The miRHrt can be accessed through http://sysbio.suda. edu.cn/mirhrt/. Its current release provides a repository for heart development related miRNAs, genes, targets, and analysis. Considering the spatio-temporal miRNAs and gene expression data, users can query heart development-related miRNAs and gene annotation as well as the intersections of miRNA targets predicted by different prediction tools. In addition, with this database in place, we aim to expand and evolve our collection by integrating transcriptomic and proteomic data and provide in-depth analysis of miRNAs regulating heart development network in future release.
miRNA target prediction
The miRNA target prediction results vary by different prediction programs, as listed in Table 1 . miRanda [25] and TargetScan [26] predict thousands of potential miRNA targets for every miRNA, whereas MirTarget2 [27, 28] , PITA [29] , and RNAhybrid [30] give relatively modest amounts of predicted targets. This is normal in miRNA target prediction programs because of different algorithms and parameters setting. Comparative studies conducted on the miRNA target prediction programs suggested that no single program was consistently superior to the others [31] . Indeed, it has become a common practice for us to look at prediction results based on a combination of methods and focused on their intersection (Fig. 3) .
GO analysis
In a GO annotation [32] system, heart development belongs to BP. Here, we utilized BP_4 of GO terms for enrichment analysis and this GO BP level includes more than 700 GO terms with MGI gene records. Table 2 lists the top 10 most correlated terms with heart development, also shown are counts of genes present in each enriched term and P-value, generally indicating the significance levels for these pathways. Considering the miRNAs associated with mouse heart development as a group, the GO annotation enrichment results showed that organ morphogenesis, cell differentiation, positive regulation of cell proliferation, and signal transduction are the most significantly enriched GO terms (Supplementary data 1) . These enriched GO annotation terms were further clustered at a higher GO level (BP_2). It is found that most of the significantly enriched GO terms are distributed in cellular process, development process, multicellular organismal process, and regulation of BP [ Fig. 4(A) ].
As the most enriched GO term, organ morphogenesis term includes 102 genes, among which 49 genes were found to be the putative targets of miRNAs, such as Gsk3b (glycogen synthase kinase 3 beta), Pdgfra (platelet-derived growth factor receptor, alpha polypeptide), Igf1r (insulin-like growth factor I receptor), and Bcl2 (B-cell leukemia/lymphoma 2). They are targeted by several miRNAs in our prediction pool. Although the false-positive predictions always exist, we suggest that these targets have high possibility of being regulated by miRNAs in mouse heart development.
KEGG analysis
The KEGG [33] pathway analysis was employed to identify functional modules regulated by miRNAs. The results revealed 59 pathways that were significantly enriched with miRNA targets (Supplementary data 1) . Pathways in cancer, MAPK signaling pathway, focal adhesion pathway, and Wnt-signaling pathway ranked among the most enriched pathways.
Pathways in cancer are the top enriched KEGG pathways, the target genes among which play roles not only in normal mouse heart development, but also in cancer process. Identification of more miRNAs and their targets represents a challenge in cancer research. The second most significant enrichment for miRNA target genes is MAPK pathway, which regulates a wide variety of cellular functions, including cell proliferation, differentiation, and stress responses [34] . Another pathway for which we suggest a Figure 3 Statistics of miRNA target predictions It shows the three miRNA target prediction groups: union, intersection, and multi-vote. The union group combines the results of miRNA target prediction programs (miRanda, TargetScan, MirTarget2, PITA, and RNAhybrid). The intersection group contains the prediction results that are supported by at least two programs. The multi-vote group contains the miRNA target pairs that show positive results in more than three programs. A column presents the statistical control pairs within more than 500 miRNAs and mouse genome. The number of miRNA target pairs in Column B is based on Column A and the target genes are associated with heart development. Data in Column C consider both miRNAs and targets relevant to heart development. role in the development of heart system is the focal adhesion pathway. The target genes in this pathway may be involved in regulating the intercellular communication in the heart and the function of heart circuits. Wnt-signaling pathway has been widely known for its crucial function in heart development [35] [36] [37] , and targets in this pathway include players with known involvement in mouse heart development and many of them might be regulated via miRNAs. For example, Ccnd2 (cyclin D2) has been validated as a target for repression by miR-133a during mouse heart development [18] . We suggested that other subsets of the target genes from this pathway might also be regulated via miRNAs because different miRNAs may act on different targets in different time and in different tissues. Therefore, the regulation of the synthesis and activity of target genes might influence the Wnt-signaling pathway in mouse heart development. These enriched pathways are then further clustered into larger functional categories. Some of these enriched pathways clustered in signal transduction, which play important roles in heart development, whereas others are relevant to cancer (Fig. 4(B) and Table 3 , our previous work [38] ).
GeneGO map analysis
To the best of our knowledge, numerous GeneGO pathways have not been collected in KEGG or other free online pathway resources. The enrichment analysis shows that miRNA targets in our collection were enriched in 314 pathways out of the total 451 distinct pathways provided in the GeneGo pathway database. According to the different classification criterion, the 314 pathways belong to 301 regulatory processes, 240 protein function, 20 disease maps, 9 regulation of metabolism, and 5 metabolic maps. Considering that heart development is a complex BP, we clustered enriched regulatory process pathways in different classifications [ Fig. 4(C) ]. Particularly, we found that 105 of 119 distinct development pathway maps were significantly enriched with miRNAs relevant to heart development. Moreover, we manually annotated whether these development pathways were associated with heart development or not (Supplementary data 1) . Although a part of GeneGO development maps are relevant to other organ development, it is suggested that heart development is regulated via multiple development pathways that are finely regulated by multiple miRNAs.
The top enriched maps ( Table 4 , Supplementary data 2), such as Development_WNT-signaling pathway and Development_EGFR-signaling pathway, were reported to be key players in heart development [35, 39] . The Development_Endothelin-1/EDNRA signaling has been found to affect vascular remodeling and cell proliferation. In this signaling pathway, we found that the possible miRNA targets (Fig. 5) include generic enzyme, protein kinase, generic-binding protein, and transcription factors. For example, the expression of Gata4, a key transcription factor, is negatively regulated by miR-1 [40] . This influences the targets of Gata4, i.e. BNP (brain natriuretic peptide), which is related to cardiac hypertrophy (Fig. 5) . Thickening of the heart muscle (myocardium) is necessary in heart development. However, excessive cardiac hypertrophy results in a decrease in size of the chamber of heart and stresses the function of heart. In addition, we found that some miRNA targets were enriched not only in Endothelin-1/EDNRA-signaling maps, but also in organ morphogenesis GO term and Wnt-signaling pathway. Therefore, we suggest that the miRNA-regulating function in EDNRA signaling during heart development should be further investigated in future research.
Discussion
Heart development is a complex physiological process which is subject to regulation by multiple genes and miRNAs. In this study, we found that miRNAs associated with mouse heart development are enriched in some functional categories and pathways, which play important roles in heart development. Interestingly, those miRNAs are also enriched in some pathways associated with cancer as mentioned above. Our analysis proposes novel functions of specific miRNAs in heart development and tumorigenesis in system perspective. The enrichment analysis is one of the data reduction techniques that could be used to narrow down a list of targets of a large group of co-expressed miRNAs and to find functional modules that are most significantly affected by multiple miRNAs. The results presented here are based solely on the results of computational analysis. Further experimental validation is required for present computational results. Comparing miRNA expression data with transcriptomic and proteomic data is a strategy to test the prediction results. Moreover, immunoprecipitation of RNA-induced silencing complex could provide large data sets of high-confidence miRNA targets [41] [42] [43] . The insights that have emerged from these studies should aid biological researchers for further understanding the function of miRNAs in heart development. 
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